In an Anaerobic Digestion (AD) process treating particulate substrates, the size of solids is expected to negatively affect the rate of hydrolysis step and consequently influence the performance of the whole process. To avoid any disadvantage due to size of solids, expensive pre-treatments aimed at disintegrating and solubilizing substrates are commonly conducted prior to AD. This practice is doubtlessly successful, but not always necessary, since some organic substrates, although particulate, once immersed in water, tend to solubilize immediately. This aspect, if properly considered, could result in saving money and time in the AD process, as well as refining the development and calibration of AD mathematical models. The present study is actually aimed at demonstrating, through experiments and mathematical simulations, different results deriving from the AD process performed, under the same operating conditions, on two different substrates, i.e. homemade pasta and carrot batons, having the same particle size, but different chemical composition
Introduction
Anaerobic Digestion (AD) is a complex biological process resulting in the conversion of biodegradable organic matter into biogas (a mixture mainly composed of CH4 and CO2 and other gases in trace) and mineralized material.
Nowadays, treating waste technologies based on the AD process are largely and commonly used in the field of wastewater treatment as a pretreatment to reduce organic load in liquid waste or a complete treatment to stabilize sludge from wastewater treatment plants (WWTPs) [1] , whereas these technologies have recently gained interest also in the field of solid waste disposal [2, 3] as method coupled with aerobic composting processes aimed at reducing the harmful impact produced by untreated land-filled organic waste on the environment.
Moreover, applying AD to treat organic waste turns into the following further benefits:
(i) Recover a renewable energy vector (i.e., biogas that has a 4000-5000 kcal/Nm 3 ) as well as a solid material rich in nitrogen and carbon (i.e., digestate) that can be successfully used as fertilizer and a carbon soil-enrichment product in agriculture or furthermore processed to produce compost; (ii) Reduce the land used to dispose waste as well as the emissions in the atmosphere of gases responsible for global warming.
The AD process is the result of physical, chemical and biochemical interactions that involve different groups of microorganisms as well as the intrinsic characteristics and conditions of the medium (liquid bulk) where microorganisms thrive and the AD process takes place.
Like all biochemical processes, AD is actually catalyzed by extracellular and intracellular enzymes. Disintegration and depolymerization of the solid organic particles are extracellular processes, mainly catalyzed by enzymes (cellulase, protease and lipase) excreted from the hydrolytic and fermentative bacteria, whereas the subsequent digestion of the soluble materials by the microbial consortia is an intracellular process resulting in the growth of the microorganisms and production of liquid and gaseous metabolites, e.g., volatile fatty acids (VFAs), butyric acid, valeric acid, acetic acid, acetate, hydrogen, methane, carbon dioxide, etc. (Figure 1 ).
Usually the extracellular processes that govern the AD are commonly known with the basic name of hydrolysis [4] . This process is the first to take place in the pathway through which the AD process evolves and its proper development is essential for the success and performance of the whole process as it represents the starting point of the process and governs the lag-phase of the AD process during the start-up [5, 6] . The rate of hydrolysis depends on substrate bioaccessibility [7] [8] [9] , as well as substrate bioaccessibility depends on size and nature of particulate solids constituting the organic substrate so much that hydrolysis can play the role of the limiting step [10] of the whole AD. The effect of the solid particles size on the rate of hydrolysis can be easily explained by considering that solid particles can offer to the action of enzymes only their external surface, whereas the inner part remains hidden and not degraded as long as the outer part is not removed [11] , therefore anytime only a fraction of the total biodegradable mass present in the system can be effectively available to be degraded by microorganisms and the amount of this fraction depends directly and massively on the distribution size of solids constituting the substrate. Moreover, the effect of size on hydrolysis rate becomes negligible when the particulate substrate shows an ultra-fine granulometry as experimentally found by Silva et al. [12] .
Instead the effect of solid particles nature, i.e., their specific chemical composition and texture, on the rate of hydrolysis is a consequence of the interaction between solids and the liquid bulk where bacteria thrive, since organic solids are actually made of fractions, some of them are classified in water as soluble and others not soluble [13] [14] [15] [16] . This distinction can explain why, for specific organic solid substances, hydrolysis can result faster than expected and consequently in an AD process fed with solid particles hydrolysis could not result, contrary to expectations, the limiting step of AD [17] . This role is actually played by methanogenesis, where are active methanogenic archaea that, among all microorganisms involved in AD process, show the slowest growth rate and are the most sensitive to environmental condition changes. When this condition occurs, all those pretreatments (thermal, chemical and physical) usually set prior AD process to accelerate the hydrolysis [18] represent unnecessary costs [19] to be avoided. This aspect, if adequately taken into account, can actually result in being very useful to save money, as well as implement reliable mathematical models used for designing new AD reactors or monitoring the efficiency of those already in service [20, 21] . The study presented in this paper is actually focused on showing and discussing through experiments as well as numerical simulations the different evolution of an AD process fed with solid particles having approximately same size but different composition with the aim of demonstrating the relevant role played on the performance of the AD process by nature and texture of solid particles when they are immersed in a medium almost exclusively made of water.
Hydrolysis Concept and Its Modeling
Hydrolysis in the AD process of organic waste has been widely studied and modeled over recent years [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
According to Batstone et al. [4] hydrolysis can de described by two different mechanisms:
(i) Into the bulk liquid microorganisms secrete enzymes than can be absorbed onto the solid particle or react with soluble substrates; (ii) Microorganisms attach themselves to the particles of substrate, where they secrete enzymes and take benefits from soluble products derived by enzyme action.
And the effect of hydrolysis on solid particles can be conceptually divided into two models [28] : Shrinking Particle Model (SPM) and Particle Break-up Model (PBM).
SPM assumes that the process of hydrolysis does not break apart particles but continuously reduces the particles diameter, thus the surface area of a single particle decreases over time, as long as all substrate is solubilized, whereas PBM assumes that particles breakup into smaller fragments during hydrolysis. In this case the particle surface increases over time, as long as all substrate is solubilized.
On the base of these two models, authors have formulated different expressions ( Table 1) , each of them derived from a specific case study or adapted to it. [20] Shrinking core model
Surface based kinetics
For example, the chemical first order kinetics (KH·S) by Eastman and Ferguson [29] shows a process rate only depending on the amount of substrate (S) in the system. In this case, size and nature of substrate are irrelevant in hydrolysis process evolution, as well as the role of bacteria, is not taken into account: their number and their sensitiveness to reaction byproducts actually do not affect the process. Such equation can find, therefore, its proper application when organic substrate is all soluble and the ratio between biomass and substrate is so high that neither biomass reaches a level of saturation in food demand nor is it affected by any inhibition factor. The situation described above corresponds to case rather wide studies, but is singular anyway. Therefore first order kinetics cannot be used as the only expression describing the hydrolysis. Vavilin et al. [27] , starting from the results obtained by Fernandez [30] , in a work aimed at studying the anaerobic biodegradability of solid wastes, actually formulated that the hydrolysis process cannot be dissociated from the growth of hydrolytic bacteria, as well as the substrate heterogeneity, and therefore other expressions coupled with the bacterial growth and physical characteristics of solid particles are as much relevant to describe hydrolysis as the first order kinetics. From this perspective, all those mathematical expressions where the rate of hydrolysis is related not only to substrate concentration but also to biomass concentration and physical characteristics of solids or to one of the previous two factors gain relevance.
To the first group of hydrolysis expressions (i.e., those depending on substrate concentration and biomass concentration as well as physical characteristics of solids) belongs the expression formulated by Terashima [29] where the hydrolysis rate is considered to be dependent on the biomass concentration and surface area as well as density of substrate.
To the second group of hydrolysis expressions (i.e., those depending on substrate concentration and biomass concentration or physical characteristics of solids, respectively) belong two different types of kinetics:
(i) The biological first order kinetics, the half order biomass kinetics, and n-order biomass kinetics, where a hydrolysis rate constant is considered and different weights are attributed to the biomass concentration [31, 32] ; (ii) The kinetics developed by Sanders et al. [25] and Esposito et al. [6] , where the hydrolysis process rate is related to surface area of organic solid particles.
However, no expression, among all above-mentioned, takes into account that the AD process occurs in an environment where water content ranges between 80% (dry digestion) and 97% (wet digestion). Therefore the effect of water (e.g., its power to chemically dissolve substances) on solid particles cannot be neglected. For instance, solid particles of food are made of soluble as well insoluble fractions. Those soluble are almost immediately dissolved in water, causing the simultaneous disaggregation of particles, and therefore when the substrate is suspended, a hydrolysis rate modeled on the bases of a dependence on particles size (Sanders, Esposito and Terashima) can have unexpectedly inappropriate results, whereas a hydrolysis first order kinetics or kinetics only depending on biomass concentration can successfully simulate the hydrolytic process. The relevance of this aspect is proved with the experiments and mathematical simulations described in the following subsections.
Materials and Methods
The effect of solubilization process performed by water molecules on the hydrolysis rate in the AD process when organic solid particles are used as substrates have been proved by comparing experimental and numerical results obtained by Liotta et al. [36] with those experimentally obtained in this work through Bio-Methane Potential (BMP) tests and successively modeled using a mathematical model [37] developed by the same authors as an extension of ADM1 [4] .
Results Previously Published by Liotta et al.
Liotta et al. [36] conducted BMP tests to study the effect of solid particles size distribution (PSD) on methane production rate in an AD process. For this aim, cylindrical shaped carrot batons were used as substrates with 4 different sizes (bases diameter of 0.25, 4, 9 and 15 mm), each of them with a height equal to its corresponding base diameter. Experimental results clearly showed an inverse dependence of methane production rate on solid particles size: the smaller the size was, the faster the methane was produced. Such results were used to calibrate and validate the mathematical model proposed by the authors (and also used in this work) where the hydrolysis process was considered the limiting step of the AD and modeled using a surface based kinetic. Calibration and validation showed a really good agreement between experimental and simulated data.
Experiments Design
BMP tests were conducted using homemade spherical shaped pasta with three different diameters, i.e., 4, 9 and 15 mm ( 
A further BMP test was conducted on the inoculum to estimate the volume of methane resulting by the fermentation of the organic solids contained in the anaerobic sludge. In total, 4 BMP tests, named with the acronyms P1 (4 mm diameter pasta), P2 (9 mm diameter pasta), P3 (15 mm diameter pasta) and I (inoculum) were conducted, each of them in triplicate (Table 3) .
Substrates Collection and Preparation
The dough used to make pasta was bought from the pasta factory Divella located in Bari (Italy). The homemade spherical shaped pasta was successively dried for 24 h in a ventilated oven (model DR 435 CB, BOMANN, Germany) with the aim of reducing its moisture content and give it a solid consistency. The size of pasta diameter was controlled by a commercial caliper. Inoculum was collected from a real scale anaerobic digester operating in Albanella (Italy) to treat dairy waste produced from mozzarella cheese factories. 
BMP Tests Set up and Operation
Following the same procedure [38] [39] [40] used by Liotta et al. [36] , each BMP test conducted on homemade pasta was performed under controlled and reproducible conditions in a 1000 mL glass bottle GL 45 (Schott Duran, Duran Group GmbH, Wertheim/Main, Germany). Each bottle was partially filled with inoculum and substrate, according to a ratio equal to 2 between their VS content; tap water was added up to a 500 mL total volume. Small amounts of Na2CO3 powder, around 1.5 g, were also added (Table 3) to prevent critical drops in pH. Each bottle was sealed with a 5 mm thick silicone disc that was held tightly to the bottle head by a plastic screw cap punched in the middle (Schott Duran, Germany). All bottles were shaken for 30 min at 80 rpm speed by KL-2bottle shakers (Edmund Bühler, Germany) and were immersed up to half of their height in hot water, kept at a constant temperature of 35 ± 1 °C by 200 W A-763 submersible heaters (Hagen, Germany). Once a day, each bottle was connected by a capillary tube to an inverted 1000 mL glass bottle containing an alkaline solution (2% NaOH) and sealed in the same way as done for the BMP bottle. To enable gas transfer through the two connected bottles, the capillary tube was equipped on both ends with needles sharp enough to pierce the silicone disc.
Measurements
TS, VS, COD, as well as Fli, of each substrate were measured according to Standard Methods [42] . Fpr was obtained multiplying 6.25 by the organic nitrogen content of each substrate (TKN minus NH4-N) measured according to Standard Methods [41] , whereas, Fch was evaluated by subtracting the sum of proteins and lipids from the total VS content [42] .
Daily methane production was monitored measuring the volume of alkaline solution displaced from the measure bottle and collected in a graduated cylinder. The CO2 contained in the biogas did not affect the volumetric methane measurements as it was dissolved in the alkaline solution. Temperature and pH (data not shown) in each BMP bottle were also monitored at least once a day with a TFK 325 thermometer (WTW, Germany) and a pH meter (Carlo Erba, Italy), respectively.
No significant drop in pH was noticed by the daily monitoring in any BMP bottle. The pH slightly fluctuated around 8.3 during each test.
Mathematical Modeling
A mathematical model capable of predicting the methane production has been presented elsewhere by the authors [37] . This model can consider different organic substrates (e.g., sewage sludge and organic fraction of municipal solid waste-OFMSW) and the AD process can be modeled using different hydrolysis kinetics:
(i) First order kinetics, according to the ADM1 [4] , when the substrate is soluble:
(ii) Surface based kinetic expression, according to Esposito et al. [6] , when the substrate is suspended and highly complex: ) Mi = single solid particle mass (M) n = total number of organic solid particles (dimensionless) According to Equation (3) a* assumes the following expressions:
for spherical shaped pasta and cylindrical shaped carrot batons, respectively, used by Liotta et al. [36] , with δ = organic solid particle density (M·L −3 ) R = organic solid particles radius (L), assumed time dependent in according to the following expression proposed by Sanders et al. [25] :
with: R0 = initial organic solid particles radius (L). Observing Equations (4) and (4bis) it can be easily noticed that the expression of a* is the same for spherical shaped pasta and cylindrical shaped carrot batons.
Substituting Equation (4) or (4bis) in Equation (2), the latter results in the following Equation:
Model Calibration and Validation
The same model calibration procedure described in Liotta et al. [36] was performed on test P1 (characteristic size of 4 mm). Model results were actually compared with experimental measurements of methane production and the unknown parameters were iteratively adjusted until the model adequately resulted in fitting the experimental data.
To model hydrolysis, the first order kinetics as well as the surface based kinetic expressions were used. After the calibration process was complete and the values of the hydrolysis constants were known, the model was validated using the results of the BMP tests from P2 (i.e., characteristic size of 9 mm), and P3 (i.e., characteristic size of 15 mm).
According to Liotta et al. [36] and Esposito et al. [43] , model validation was then evaluated graphically as well as numerically [44] by calculating Model Efficiency (ME), the Index of Agreement (IoA) and the Root Mean Square Error (RMSE).
The expression used to calculate ME, IoA and RMSE are as follow:
where K is the number of observed values, yi is the single numerically simulated value, y'i is the corresponding experimentally observed value, yM is the average of the numerically simulated values.
Results and Discussion

Effect of Particle Size on Methane Production
Observing Figure 3 , where the net cumulative methane production from the BMP tests conducted using homemade spherical shaped pasta is shown, it can be easily noticed that, contrary to results obtained by Liotta et al. [36] , although experimental tests were conducted using substrates composed of differently sized particles, the effect of size is completely absent, as the three curves overlap and show the same slope. A little gap is only noticeable between days 10 and 25 and it could have been reasonably caused by the heterogeneity of the mixture used in the tests. The gap actually disappears after the 25th day and the three curves remain overlapped until the end of the test.
This unexpected result can be explained considering that the chemical composition and texture of homemade pasta are, contrary to those characterizing the carrot batons, suitable to be fast dissolved in water according to Van Soest fractionation method [14] [15] [16] . To prove this aspect, samples of both homemade pasta and carrot batons with the same sizes used in BMP tests were immersed in sterilized water and after 10 min it was noticed that while samples of carrots kept their form and size, all samples 
Effect of Particle Size on Hydrolysis Process Modeling
The model calibration performed on data obtained from the test P1 resulted in setting the hydrolysis kinetic constant, KH, to 0.095 s −1
. This value maximizes both ME and IoA and minimizes RMSE, making the gap between the simulated model and experimental data as small as possible (Figures 4 and 5A) . Since KH, according to Equations (1) and (2), can be split in the product between Ksbk and a*, and a* for the test P1, according to Equation (4) . The values of the kinetic constants, KH and Ksbk, obtained by performing the model calibration, were separately used to validate the model through the experimental data from tests P2 and P3.
The results of the validation process were evaluated by calculating the same indexes ME, IoA and RMSE, previously used for the calibration process.
In Figure 5B ,C experimental data are compared with those simulated by the model. From the figures, it can be clearly noticed that where a first order kinetics, KH, was used for modeling the hydrolysis process, a high level of agreement between the two sets of data (i.e., experimental and simulated) was found. This good outcome is also confirmed numerically by the values of the fitting parameters reported in Table 4 , whereas, where a surface based kinetics, Ksbk, was used, the validation process resulted in a low agreement between experimental and simulated data. Such result is furthermore confirmed by the values of the fitting parameters reported in Table 5 .
Therefore, although the substrate made of homemade pasta initially showed a mixture of solid particles, the hydrolysis process, contrary to expectations, was not affected by particles size and consequently, a first order kinetics rather than the surface based kinetics, was suitable for modeling the AD process.
Figure 5. (A)
Comparison between experimental (points) and simulated methane production (continuous line) for test P1; (B) comparison between experimental (points) and simulated methane production for test P2 using a first order hydrolysis kinetics (continuous line) and surface based hydrolysis kinetics (dotted line); (C) comparison between experimental (points) and simulated methane production for test P3 using a first order hydrolysis kinetics (continuous line) and surface based hydrolysis kinetics (dotted line).
An opposite outcome was obtained by Liotta et al. [36] when the same experiments described in this paper, but utilizing carrot batons as substrate, were conducted. In that case, the hydrolysis process results were dependent on particles size, and also the modeling gave excellent results when surface based kinetics was used to model the hydrolysis process. This is a further proof of the relevance of texture and chemical composition of solid particles when they are used to feed an AD process. The obtained results are in agreement with the Van Soest biochemical fractionation method and its modified versions [15] that, although have been developed to evaluate forage digestibility, are helpful to evaluate the biodegradability of a substrate by fractionating it in different components, from more easily bioaccesible and, thus, readily biodegradable (water soluble fractions mainly made of simple carbohydrates and proteins) to less easily bioccessible and, thus, slowly biodegradable (cellulose, hemicellulose, lignin, etc.), where the fraction extractable through a hot and cold water bath actually represents the most easily bioaccessible and therefore, a substrate mainly composed of water soluble fractions, as pasta is, are expected to be hydrolyzed in a shorter time than others, mainly composed of cellulose based fractions, such as carrots. 
Conclusions
This paper proves that in an AD process fed with organic solid particles, the hydrolysis can be faster than expected and not represent the limiting step of the whole process.
Organic solids with a porous texture and a chemical composition mainly made of simple carbohydrates can be easily disintegrated in water, thus resulting in immediately availability to microorganisms that utilize them for their metabolism. In this specific condition any expensive pretreatment set to accelerate the disintegration and solubilization of solid particle prior to AD can be reasonably avoided, resulting in economical benefits. Moreover if the rate of hydrolysis is underestimated, the AD process can experience a failure due to acid accumulation in the system, as the hydrolysis rate cannot limit the volatile acid production occurring during the acidogenesis step that is usually much faster than the following methanogenesis step, where acids are consumed to produce methane. Therefore, an evaluation of the substrate solubility and bioaccessibility prior to the AD process by a Van Soest fractionation method and its modified versions could help to take decisions on how to best run the process.
Finally, the effect of interactions between solid particles and water also has to be carefully taken into account when mathematical models are implemented, as the choice of expressions to simulate the processes massively affects the efficiency and reliability of the model and its results.
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